Biomass heat storage is important for promoting energy closure in forest ecosystems; however, this issue is often ignored in surface energy budgets. To determine an accurate approach to calculate biomass heat storage, we monitored the stem temperature of Pinus sylvestris in different heights, depths and orientations. At the same time, air sensible and latent heat storage and soil heat storage are also monitored together with biomass heat storage to study the heat storage share in surface energy budgets. The results showed that (1) temperature in different heights, depths and orientations in stem showed obviously differences dynamics, and time lags are existed between different measuring points inside stem. in soil, biomass, and air was 60 W m −2 , accounting for ~10% of net radiation, which is a 27 significant proportion of the total energy flux. This study will help improve biomass heat 28 storage models and contribute to fundamental knowledge regarding energy balance closure in 29 forest ecosystems. 30
Introduction

33
Monitoring energy exchanges between the soil, the vegetation and the atmosphere is 34 important for meteorological, ecological and agronomical purposes. Over the last few decades, 35 our understanding of energy exchange between the Earth's surface and its atmosphere has 36 developed at an unprecedented rate. For example, more than 576 flux stations have been 37 established worldwide (Ardo et al., 2008) . At these sites, eddy correlation technology has been 38 used widely for water, energy, and CO 2 flux measurements in different ecosystems ( The reasons driving this imbalance are complicated. Foken (2006) found that the energy 46 imbalance was correlated with low frequency aspects contributing to flux. In addition, Lee 47 (2004) determined that turbulent flux observations were responsible for the lack of energy 48 closure. Furthermore, there are uncertainties with respect to soil surface-layer heat flux and 49 biomass heat storage. Biomass heat storage is normally absolutely low (Oncley et al., 2007) . 50
But in arborous forestry, the biomass heat storage will grows dramatically. For instance, 51 Moore and Fisch (1986) found total heat storage fluctuations of ~80 W m −2 in a tropical forest 52 with high biomass content per unit of ground area. So, heat flux in biomass is non-negligible 53 when studying energy exchange in forest areas. In fact, biomass heat storage is becoming 54 increasingly significant in forest ecosystems. 55 To model energy balance, temperature dynamics should be evaluated. Temperature in 56 plant stem, leaf, or root represents the balance between input and loss of energy (Yu et al., 57 2015) . For a plant, leaf temperature can be significantly influenced by air temperature, which 58 may be ignored due to its low biomass capacity (Burrage, 1972; . Roots are 59 under the ground and hard to be measure, so it is usually ignored in studies. Then, stem 60 temperature is extremely important in determining plant energy balance. In addition, soil and 61 air temperature are necessary in valuing heat storage in soil and near-surface air. 62
Therefore, the objectives of this study were to (1) We used a typical or "standard" tree (whose size meet the mean value of the trees in the 96 study area) to obtain the average value of the sample plot. Its diameter at breast height was 97 21.9 cm, height was 10.6m and crown was 5.7×6.2m. The standard was selected with no 98 other trees too close to it, so it can get rid of being influenced. Biomass temperature was 99 measured using thermocouple thermometers (0233, Ya Xin, China) with sensors inserted into 100 the stem 0, 2, 4, 6 cm from the base of the stem. The last 10 mm of the sensors consisted of 101 copper/constantan thermocouples with 0.1-mm diameters. Each sensor was inserted into the 102 biomass at different depths through an aluminum tube fixed into a 3-mm diameter drilled hole. 103
Resin formed by the tree quickly sealed the gap between the aluminum tube and the tree body. 104
The connections between the sensors and data collector were held firmly in place by taping 105 them around the stems. The tape is no reflective. 106
Temperature measurements in the standard tree were obtained for the analysis. 107
Temperatures were measured at different heights, azimuthal positions, and depths in the stem 108 as shown in (Jones, 1983) . m is the biomass that undergoes a change in temperature ΔT accordingto the time interval Δt, which we estimated as 450 kg m -3 . In practice, when studying the energy 121 balance of vegetation canopies, the heat capacity of the leaves is frequently ignored, because 122 energy storage in leaves is limited due to their small biomass. 123
The basic data on biomass quantity and physical characteristics are listed in Table 3 . First, 124
we determined the approximate fractions of different tree compartments based on similar 125 densities. We used a drilling tool to obtain specific volumes of wood, at all of the heights at 126 which temperature was measured, and weighted the volumes. We then averaged the weights 127 and calculated the mean fresh stem density. The average amount of biomass in the sample plot 128 was 13.039 kg m −2 ( Table 3 ). The heat storage per area was estimated based on the number of P. 129 sylvestris trees. 130 Table 3 Because biomass temperature varies at different heights, azimuthal positions, and depths, 132 so to model biomass energy balance, we need to divide the biomass into isothermal 133 subvolumes, which are generally referred to as nodes in heat transfer studies. As is shown in 134 Figure 1 , the stem is divided into various layers vertically (a), and the stem is divided into 135 surface nodes and many interior nodes in one layer section (b). The interior nodes conduct 136 heat to or from surface nodes as well as to or from other interior nodes. No matter surface or 137 interior nodes, when they are very small, each node has a uniform temperature (Lewis & 138 Nobel, 1977) . Then, the heat storage rate equation in stems [Eq.1] can be adapted into: 144
We approximately take C p and m i as uniform in different nodes. Then the equation can 145 be simplified with just one variable ΔT i /Δt. It is expressed as follows:
M is the total mass of the sectional stem. ΔT mean-Δt is the mean temperature of the whole 147 cross-section in a time space before. ΔT mean has to be calculated so as to obtain the S value. 
where G is the heat storage in soil, G r is the soil heat flux 10 cm below the soil surface, T s 165 is the soil temperature in each layer from z below the ground to the surface layer, t is time, and 166 C v is the volumetric heat capacity. 167
Air heat storage 168
Air heat storage was divided into two parts: sensible heat and latent heat in air. For the 169 storage calculations, air temperature and humidity at five heights (0, 2, 4, 6, and 10 m) were 170 used. We calculated heat and humidity content in a column between 0-10.6 m by adding the 171 contents in columns 0-2, 2-4, 4-6, and 6-10.6 m, where the average temperature in the first 172 column (0-2) was equal to the mean of temperatures at 0 and 2 m, and 2-4 m was equal to the 173 mean of temperatures at 2 and 4 m, etc. A similar method was followed for calculating water 174 vapor content. These calculations were based on the 30-min mean data. 175
Storage of sensible heat in the air is theoretically calculated using the following equation: 176
Storage of latent heat due to phase shifts in air water column is given by: 177
where q is the specific humidity of air. 178 The temperature in the stem decreases rapidly from the bark surface inwards (Fig. 2) . The 182 largest gradient is close to the stem surface in the daytime. The gradient in maximum 183 temperature between 30 and 50 mm depths is around 3°C during a sunny day. The gradient in 184 maximum temperature between the 80 and the 100 mm depths is much smaller, only in the 185 order of 1°C. We hypothesized that the heat capacity of the stem caused the differences 186 between deep and surface measuring points. 187 Figure 2 . The temperatures at different depths from the bark surface and inwards in the trunk of 188 the target tree at breast height above ground. 189
Results
The phase shift is also obvious; the 30 mm sensor value reaching its maximum 10-20 min 190 after high noon (12:00), whereas the 100 mm sensor value reaches its maximum about 5 h later. 191
It can also be seen that at 30 mm, the temperature shows a much wider small-scale variation 192 than temperatures at larger depths in the stem. We hypothesize that these small-scale variations 193 are caused by the thermal properties of the stem, which results in that shallow one is more 194 sensitive to surroundings. 195
Temperature differences at different orientations 196
The temperature changes at different orientations, decreasing rapidly from the sunny to 197 the shaded side (Fig.3) . At high noon, temperature has a large gradient from the south to the 198 northwest direction, commensurate with changes in the direction of the sun in the afternoon. There is also a significant vertical gradient in temperature along the stem, with maximum 208 temperatures increasing commensurate with increasing height along the stem (Fig. 4) . The 209 temperature difference between the base of the tree (0 m) and the highest point in the canopy (6 210 m) is ca. 10°C. At night, however, the temperature difference at different heights is much 211 smaller, ca. 4°C, and in the reverse order (such that the highest level is also the coolest, with the 212 lower levels becoming warmer except for at 0 m, at which the temperature was significantly 213 influenced by surface soil temperature). Temperature in the southerly direction (Fig. 4 S) in 214 lower layers shows much smaller amplitudes than upper layer temperatures. In addition, 215 gradient is particularly obvious at high noon when temperatures cool by 6 to 8°C from 0 to 2 m, 216
whereas from 4 to 6 m there are only ca. 2°C differences. Temperature in the northerly 217 direction (Fig. 4 N) shows a similar tendency to that in the southerly direction. 218 (a) (b) Figure. 4 The trunk surface temperature (30 mm in depth) at different heights along the trunk of 219 a P. sylvestris tree as well as the temperature of the air. A is the temperature in south direction, 220 while B is the temperature in north direction. 221
Mean temperature of the crossing section 222
Kriging interpolation showed the whole temperature distribution of the crossing section 223 (Fig. 5A ). The center of the temperature distribution (i.e., the most stable value) is somewhat 224 close to the northeast side. We supposed that this unsymmetrical phenomenon was the result of 225 solar irradiation (energy source) coming from a southwestern direction and rendering the stem 226 temperature more sensitive than in the northeastern direction. 227
The contour lines in the temperature distribution of the crossing section showed great 228 differences within a single day. The temperature is significantly different between the central 229 part and edge of the stem. From 20:00 to 08:00 the next day, the temperature in the central stem 230
is warmer than at the edge. Heat is transferred from the inside to the outside. From 10:00 to 231 18:00, the temperature inside the stem is cooler than that outside the stem, such that heat is 232 transferred in the opposite direction. 233
Daily T mean calculated using Kriging interpolation showed diurnal variation (Fig. 5B) , 234 with an amplitude that was relatively smoother than for that air temperature. The highest peak 235
T mean appeared at around 18:00, which was 5 hours later than for the air temperature; 236 meanwhile, the lowest peak value appeared at around 09:00, about 1 hour later than the air 237 temperature. 238 For time-consuming and inconvenient of multi-point measurement, so we furthered to 243 try to find a representative measuring point for instead of measuring the T mean . We used a 244 correlation analysis between the T mean and all measured values to determine a representative 245 point that maximized the relevance of the model. Then, using the relationship model between 246 T mean and the representative point data, we evaluated T mean . 247 From figure 5 we got that the lag between diel oscillations in T mean and temperature at the 252 measuring points showed a strong azimuthal and deep pattern, with almost no lag at S30 mm 253 (the 30-mm deep measurement point in the south) but lags of up to 2 hours at N100 mm (the 254 100-mm deep measurement point in the north) (Fig. 6A-D) . The lag between temperature in 255 the northerly direction and at the deep position led to hysteresis loops ( Fig. 6F-H) , and the 256 correlation between T mean and N100 mm was strongest after lagging T mean by 2 hours (Fig. 6M) . 257
In contrast, T mean was in phase at S30 mm (Fig. 6E) , with the zero lag value generating the 258 highest correlation coefficient (Fig. 6I) It was assumed that the four stem temperature measurement levels, 0, 2, 4 and 6 m, 265
represented stem sections at 0-2, 2-4, 4-6 and 6-10.6 m, respectively, to calculate heat storage 266 at each level (Fig. 7) . Although the segment in the upper layer had the highest heat flux value 267 (Fig. 4) , biomass in this segment was also relatively lower than that of the rest of the tree (ca. 268 8%) (Table 3) , so it does not capture the largest proportion of heat. Similarly, the segment in 269 the bottom layer holds the largest amount of biomass (ca. 40%) but has an excessively low heat 270 flux value, resulting in a low proportion of stored heat. Thus, the stem segment at 2-4 m 271 contributed most to the stem heat storage of trees, because it was associated with both a 272 relatively large biomass and high flux. The biomass data is presented in Table 3 , and the heat 273 flux values are shown in Fig. 4 . 274 Figure 7 . The estimated biomass heat storage flux from different height intervals during the 275 four days in July. 276
Seasonal pattern of S 277
Daily total heat storage in the target tree is shown in Fig. 8 , which demonstrates both 278 positive and negative values. Amplitude of variation was lowest in April, but remained high 279 throughout the summer before decreasing after mid-August. Daily total heat storage in April 280 ranges from -40 to 40w m -2 , while in other months the storage ranges from -80 to 80 w m -2 ; 281 there was strong seasonality over the year. The mean value of daily total heat storage in 1 282 month is around zero, which means that the incoming and released energy is in balance, with 283 no seasonal differences. 284 
Soil heat storage
287
During the up-scaling procedure, it was assumed that the three soil temperature 288 measurement levels, 0, 5 and 10 cm underneath the soil surface, represented stem sections at 0-289 2, 2-6, and 6-10 cm, respectively. We measured, somewhat arbitrarily but also reasonably, the 290 layered soil in centimeters and assumed that the temperature gradient was reduced to a greater 291 extent in the upper soil layer. In fact, the degree of heat storage in the soil differed greatly in the 292 vertical direction. The soil surface can exhibit large daily oscillations in heat flux, ranging 293 around 40 W m −2 in the upper 2 cm layer around noon (Fig. 9) , while soil heat flux at moderate 294 depths (e.g., of 10 cm) can remain very steady throughout a single day (i.e., variations of less 295 than 5 W m −2 ). The upper layer segment has the highest heat storage value, even though it also 296 holds a relatively lower proportion of the whole soil volume (ca. 20%), because of the large 297 heat flux. The segments at the two deeper layers hold the same volume of soil (ca. 40%), but 298 the section at 6-10 cm has the low heat flux value, resulting in a low proportion of heat storage. 299
Thus, the upper layer segment (0-2 cm) contributed most to the soil heat storage, because it is 300 readily influenced by the ambient environment. Time lag is significant between the different 301 soil layers. When the upper layer (0-2 cm) reached its highest heat storage value, the values at 302 2-6 cm and 6-10 cm remained under zero. The large time lag resulted in a smoother phase shift 303 with respect to total heat storage. 304 Figure 9 . The estimated soil heat storage from separated layers during the four days in July. 305 the different storage components, the curve representing the total storage flux is slightly 314 skewed towards the earlier part of the day (Fig. 10) . 315 Figure 10 . The storage flux of the entire stand divided into stem, soil and air during four 316 summer days. 317 
Total and proportional energy balance
Discussion
Temperature dynamics in the stem
319
The direction, depth and height of the detection points significantly influence the 320 measured temperature. The relationship between the value at a single point and the air 321 temperature showed obvious time lag (Fig. 6 ). 322
Deeper measurement points have longer time lags than surface points, and measuring 323 point value in a northerly position is much more likely to achieve hysteresis effects. Time 324 constants can be used to explain the results. We defined time constant as being related to heat 325 storage, with respect to temperature changes in response to changes in environmental 326
conditions. Usually, time constant refers to the time required for a change in the surface 327 temperature, from some initial value to within a certain volume of the overall change to a final 328 value. Time constant is related to the mean depth of heat storage in a given surface area, and 329 also to the volumetric heat capacity we referred to previously. Indeed, massive stems show 330 large time constants for thermal changes, which means that temperature changes in the stem are 331 much slower compared to changes in the ambient environment; this accounts for the time lag. 332
So we cannot use one data point to represent the whole tree, but a roughly representative 333 point can be obtained with which to model average temperature in a given tree section. From 334 our measured results, time lag appears to barely exist at the surface measuring point (30 mm) in 335 the southerly direction, which is in the same phase as T mean ; therefore, we used the value at this 336 point to model the T mean . 337
Dynamics of heat storage in biomass
338
Estimation of biomass heat storage is very complicated because of the varying 339 temperature in tree stems and requires a large number of sensors (Nobel, 1975; Oliphant et al., 340 2004; Roupsard et al., 2006) . Normally, for more accurate modeling, stem temperature 341 dynamics should be detected using multiple sensors, due to variance among different 342 measuring points, usually followed by division into isothermal subvolumes. By calculating 343 heat storage rates in each subvolume, the total value can be obtained by summing the 344 subvolumes (Nobel, 1991) . The high workload and requirement for intense sensors limits the 345 efficiency of heat flux measurements and energy calculations. Therefore, a mathematical 346 framework is needed for more convenient estimation of stem heat storage (Meesters & Vugts, 347 1996) . In this study, we implemented cross-sectional multi-point measurements to evaluate the 348 T mean when calculating the heat capacity. 349
Heat storage in biomass shows daily and seasonal variations. The daily changes are 350 mainly due to variations in air temperature. We showed that the heat storage response to air 351 temperature is not due to the absolute value, but rather to the variance in values. Heat storage is 352 high between 08:00-12:00, because the air temperature increases markedly at this time. 353 However, after high noon, even though air temperature is still high, heat storage decreases 354 because the ambient temperature is steady, with limited variance. Thus, we can explain why 355 the phenomena of seasonal changes having no significant regulations. Seasonal changes in heat 356 storage are not significant, because the differences between day-and-night temperatures in each 357 month are basically the same (Fig. 9) The main heat storage components are soil and biomass, which contribute approximately 368 equally, although there are phase lags between these components. 369
One study showed that net radiation into the near surface of P. sylvestris forest in Yulin 370
County (an area that is similar to the sample plot) reached up to 500 W m −2 in July (Chen, 371 2014) . The heat storage we showed reached up to ca. 10% of the total net radiation, which 372 makes up a large proportion of the energy closure. Tree biomass heat flux reached maximum 373
values that were about 50% of the maximum values for soil heat storage, and contributed a 374 large proportion of the energy closure. 375
It is interesting to note that so few studies have been concerned with heat storage 376 components, particularly given the problems that exist with respect to closure of the energy 377 balance. Much more work on heat storage needs to be carried on to resolve these issues. 378
Storage in branches and leaves should be also concerned to realize more calculated accurately.
379
Of course, we present here only one case pertaining to the calculation of heat storage. In 380 many cases, complex conditions require further consideration, such as under conditions of 381 complicated terrain (i.e., an undulating surface), in which energy absorption and release is not 382 uniform and one cannot simply take an average reading. Detailed information on the particular 383 circumstances in an area must be obtained to make a concrete analysis. 384
Furthermore, heat storage does not linearly increase with plant density, because thicker 385 forests limit the flow of energy in an ambient environment. The manner in which the plant 386 characteristics relate to the energy balance in different storage components should be further 387 studied by experiments in which density changes but other conditions are held constant. 388
Conclusions
389
The stem temperature is significantly influenced by direction, depth and height of the 390 detection points and the relationship between the value at a single point and the air temperature 391 showed obvious time lag. We implemented cross-sectional multi-point measurements to 392 evaluate the T mean when calculating the heat storage in this study. The result of tree biomass 393 storage showed highly significant in the context of storage flux in a mature forest. Heat storage 394 in soil, air and biomass captures almost 10% of the total energy income (net radiation 
